Transparent stretchable (TS) sensors capable of detecting and distinguishing touch and pressure inputs are a promising development in wearable electronics. However, realization of such a device has been limited by difficulties in achieving optical transparency, stretchability, high sensitivity, stability, and distinguishable responsivity to two stimuli simultaneously. Herein, we report a TS sensor in which touch and pressure stimuli can be detected and distinguished on a substrate with a stress-relieving three-dimensional (3D) microstructured pattern providing multidirectional stretchability and increased pressure sensitivity. The TS capacitive device structure is a dielectric layer sandwiched between an upper piezoresistive electrode of a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)/ionic liquid composite, which enables touch and pressure stimuli to be distinguished, and a lower electrode of metal/indium tin oxide/metal multilayer. The TS sensor array was demonstrated as a wearable input device for controlling a small vehicle. The TS touch-pressure sensor has great potential to be used as a multimodal input device for future wearable electronics.
Introduction
Over the past few years, numerous studies have been conducted to develop stretchable physical sensors for human-machine interfaces that can be worn or conformally attached to human skin . Such body-attachable, stretchable physical sensors that are capable of detecting touch, pressure, strain, or temperature can also be used to monitor human activities [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , health status [18] [19] [20] [21] , and diseases [22] [23] [24] . Integrating multiple sensors with different modalities as wearable input devices has been investigated as an approach to multimodal interactivity between humans and machines 18, [24] [25] [26] [27] . However, integrating multiple sensors for multimodal interactivity often requires a large sensing area, complicated device structure, increased interconnection, and complicated fabrication processes 18, [24] [25] [26] [27] . One way of avoiding these limitations is to develop a sensor that can detect and distinguish two or more physical stimuli. For example, bimodal flexible sensors for simultaneous quantitative detection of temperature and pressure have been demonstrated [28] [29] [30] [31] . However, reports of a single stretchable multimodal device and its array as a conformally wearable input device are rare.
Specifically, achieving such a wearable device for application to multimodal human-machine interfaces entails developing a stretchable sensor capable of distinguishing the inputs of touch and pressure (force). Since a wearable, stretchable touch-pressure sensor could be integrated into stretchable displays, optical transparency is also a desirable attribute. A few research groups have developed touch and pressure sensors with optical transparency or stretchability for the detection of touch and pressure stimuli 32, 33 . In those projects, forming two or more sensors on one substrate was required for multimodal interactivity 32 . In addition, these sensors exhibited limitations in performance in terms of sensitivity and mechanical and optical characteristics when they were worn by humans or attached to human skin 33 . Therefore, it is of great interest to develop a transparent stretchable (TS) sensor for detection of touch and pressure stimuli that has mechanical stretchability, optical transparency, and high sensitivity, as well as the ability to detect and distinguish touch and pressure stimuli in a single device (see Table S1 in Supplementary Information).
This study presents a method of implementing a mutual capacitive-type bimodal touch and pressure sensor that meets the requirements described above. The substrate and each layer of the bimodal sensing device were fabricated using transparent materials. A three-dimensional (3D), strain-absorbing, micropatterned polydimethylsiloxane (PDMS) substrate with a bumpy morphology (curvilinearly connected bumps and valleys) 34 was used to enhance the mechanical stability of the layers. An insulating transparent polyurethane (PU) layer was used as the dielectric. A transparent piezoresistive composite layer of poly (3,4-ethylenedioxythiophene) :poly(styrenesulfonate)/1-ethyl-3-methylimidazolium tetracyanoborate (PEDOT:PSS/EMIM-TCB) with good optical transparency (~84% at a thickness of 300 nm) was used as the upper electrode, allowing distinguishable detection of touch and pressure stimuli. An ultrathin Au/ITO (indium tin oxide)/Au (GIG) multilayer electrode with optical transparency (~65%) and a low sheet resistance (~11.5 Ω sq −1 ) was used as the lower electrode. An excellent touch responsivity of −23.4% and high pressure sensitivity of 0.1 kPa −1 for the device with a PU dielectric layer thickness of 2.7 µm were achieved. The 3D microstructure enhanced the pressure responsivity due to greater deformation of the piezoresistive upper electrode on the bumps. A 4 × 4 array sensor device with elasticity, transparency, and multifunctionality was then fabricated for demonstration of human-machine interfacing. The mechanical assessment of the single device and the array under stretching demonstrated that the sensitivity for touch-pressure stimuli was maintained after 10,000 stretching cycles at 30% stretching strain. Finally, it was successfully confirmed that a small vehicle could be controlled wirelessly by mounting the touch-pressure sensor array on a wrist. The TS touch-pressure sensor with a capacitive device structure has great potential as a wearable input device in future human-machine interfaces that require high functionality and multimodal interactivity.
Materials and methods

Materials
A PDMS elastomer kit (Sylgard 184, Dow Corning), PU dispersion (PUD; 39-41 wt% Alberdingk U3251, Alberdingk Boley), PEDOT:PSS solution (1-1.3 wt%, CLEVIOS PH1000, Heraues), EMIM-TCB (1-ethyl-3-methylimidazolium tetracyanoborate, Merck), and Au-Ni woven conductive textile (Silverized Nylon/Spandex Knit SMP 130, Solueta Co. Ltd) were all used as purchased.
Preparation of the PEDOT:PSS/EMIM-TCB composite PEDOT:PSS PH1000 was weighed, added to a vial, and stirred at high speed (>300 rpm), and the EMIM-TCB solution was added directly to the stirred PEDOT:PSS dispersion.
Fabrication of the 3D micropatterned elastomeric substrate
A mold with a 3D micropattern array on a glass substrate was fabricated by double photolithography using a positive photoresist 34 . Then, a 3D micropatterned PDMS was replicated from the mold, and a PU acrylate (PUA) master mold was replicated from the PDMS mold for repeated replication of the PDMS substrate. The micropatterned PDMS and PUA molds were repeatedly and interchangeably replicated.
Finite element analyses
3D FEA (ABAQUS software) enabled analysis of the full deformation mechanics and computation of mechanical responses under uniaxial loads. Four-node 3D solid elements and four-node shell elements were used for ITO (50 and 200 nm) on the 3D micropatterned PDMS substrate and ITO (200 nm) on the planar PDMS substrate, respectively. The stress distribution of the ITO electrodes was estimated for a force load of 120 MPa in the stretching mode.
Fabrication and characterization of touch-pressure sensors
The TS touch-pressure sensor was fabricated using the following procedure. To improve the adhesion of the electrode layers, a 3-nm thick Al 2 O 3 layer was deposited via atomic layer deposition (ALD), followed by a 3-nm thick Cr layer that was deposited via e-beam evaporation, followed by deposition of GIG (Au-ITO-Au) layers using e-beam evaporation and advanced direct current (DC) sputter deposition 35 . PUDs with varying thicknesses were coated as the dielectric layer. Then, the PUD film was dried on a hot plate at 120°C for 2 h. Next, a PEDOT:PSS/ EMIM-TCB composite piezoresistive material layer of 300 nm was spin coated as the pressure-sensing upper electrode material. The device was encapsulated by spincoated PDMS to prevent ambient interference during the measurement.
The sensor was measured by applying an alternating current (AC) pulse with an amplitude of −3~3 V and frequency of 10 Hz to the upper electrode to induce dipole alignment inside the PU dielectric layer using a function generator (Tektronix AFG3102). The charges induced at the interface between the dielectric and the electrodes were detected as the momentary current at the lower electrode using a source measurement unit (HP 4145B).
Demonstration of the 4 × 4 touch-pressure sensor array
The output signal from the touch-pressure sensor array is electrical current, so we used a transimpedance amplifier (OPA2380, National Instruments, USA) to convert the electrical current signal (touch-pressure sensor array's output signal) into an electrical voltage signal. An inverting amplifier (LM324, National Instruments, USA) was used to amplify the converted voltage signal to meet the minimum required voltage level of a 10-bit analog to a digital converter (ADC), a resistor-capacitor (RC) low-pass filter with a cut-off frequency of 10 Hz was used to avoid higher frequencies, which are usually induced due to electrical power lines.
To demonstrate control of LED illumination, red and green LEDs were attached to two ports of the Arduino® UNO. In the absence of touch or pressure on the TS bimodal touch-pressure sensor array, the output current remained unchanged, as did the input of the microcontroller. When any sensor in the TS bimodal touchpressure sensor array was touched or pressure was applied, the output signal abruptly decreased. The Arduino® UNO's 10-bit ADC continuously sampled the input data and converted it to a digital signal for further processing. Based on the output data obtained from the sensor array, a voltage threshold was preset in the code written by Arduino® IDE (integrated development environment) to distinguish between touch and pressure stimuli. When a sensor was touched, the green LED started to blink with a delay of 500 ms. Upon applying pressure to the sensor, the red LED blinked with the same delay time as the green LED. We demonstrated this in Movie S1, where real-time data for touch and pressure stimuli can be seen on an oscilloscope along with the blinking LEDs.
Furthermore, to demonstrate that our TS sensor array can be used for more complex human-machine interactivity, we used it to control a small toy car. In this demonstration, we affixed a 4 × 4 TS sensor array on a human forearm to control the direction and speed of a toy car. For data acquisition, we used the same analog circuitry as previously used for the LED demonstration, but for processing of the input signal, custom-made "master" and "slave" codes (terms widely used in embedded systems) written by Arduino® IDE and running in Arduino® UNO were used. Based on the processed data, appropriate commands were sent to the toy car using a Bluetooth low energy (BLE) module (HC-05, DigiKey, USA). Here, touching a sensor caused the toy car to move in a specific direction at a low speed, whereas applying pressure to the same device increased the vehicle speed in the same direction. Upon each detection of touch or pressure, the vehicle moved for 500 ms and then stopped if no subsequent touch or pressure stimulus was detected. By using three devices in a 4 × 4 sensor array, we successfully demonstrated movement of a toy car in the forward direction with low and high speeds, seamlessly turning left and right and then moving forward again at both low and high speed (Movie S2).
Results
Concept of a transparent and stretchable touch-pressure sensor
A schematic illustration of the TS touch-pressure sensor device mounted on the forearm of a human body is shown in Fig. 1a . The TS bimodal touch-pressure sensor can detect and distinguish between a light touch stimulus from a human finger and an intense pressure stimulus using changes in device capacitance and the resistance of the piezoresistive upper electrode, respectively. Figure 1b is a schematic diagram of the structure of the mutual capacitive touch-pressure sensor. The sensor was fabricated by sequentially forming an ultrathin metal GIG lower electrode layer, a dielectric layer using a watersoluble dispersion of PU, a piezoresistive upper electrode layer using a PEDOT:PSS/EMIM-TCB composite, and an encapsulation layer of PDMS on a 3D micropatterned PDMS substrate 34 . The substrate design was inspired by a hill and valley geometry and has curvilinearly connected peaks and valleys without planar regions to minimize cracking of the layered materials in the upper part by avoiding an excessive stress concentration during stretching, thereby enhancing multidirectional lateral stretchability. Furthermore, increased deformation of the piezoresistive upper electrode on the bumps under vertical pressure leads to an increase in the sensitivity to pressure when the surface charges induced in the capacitor structure are read as an AC signal.
This single sensor has a diamond-shaped electrode design to reduce the overlap of the upper and lower electrodes (see Fig. 1c ), improving both the optical transmittance and responsivity of the sensing area. The sensor responses to touch and pressure were measured by applying an AC square pulse voltage to the upper electrode to induce dipole alignment inside the PU dielectric layer, and then, the charges induced at the interface between the dielectric and the electrodes were detected as the momentary current by the lower electrode. The estimated response time for the detection of touch and pressure was approximately 0.14 s. More detailed information on the fabrication process and measurements of the 3D micropatterned substrate and the touch-pressure sensor device are presented in the Materials and methods section. As shown in Fig. 1c , the optical transmittance of the two stacked electrodes and dielectric layer (the inset in Fig. 1c ), excluding the substrate, was approximately 80% at a wavelength of 550 nm. The high optical transmittance is attributed to the design of the upper and lower electrodes with minimal vertical overlap. A top-view fieldemission scanning electron microscopy (FE-SEM) image of the 3D micropatterned PDMS substrate is shown in Fig. 1d . The efficient stress absorption capability of the 3D micropatterned PDMS substrate allowed development of the transparent and stretchable ITO-based lower electrode, in contrast to the high stress concentrations in the ITO layer on a planar PDMS substrate, which resulted in severe cracking (Fig. 1e ).
Transparent and stretchable electrodes on a 3D micropatterned elastomeric substrate
To realize the TS bimodal touch-pressure sensor, it is critical to develop upper and lower electrodes with the electrical, optical, and mechanical properties required for the optical transparency, sensitivity, and mechanical stretchability of the device. The electrode layers were formed directly on a 3D micropatterned substrate using thin-film processes, and their electrical, optical, and mechanical properties were characterized (Fig. 2) . For the TS lower electrode with low piezoresistivity and optical transparency, various structures with ultrathin metal layers of Ti (adhesion layer, 3 nm in thickness)/Au layers of varying thicknesses (10, 20 , and 30 nm) and stacked GIG structures of Au (5 nm)/ITO/Au (5 nm)-Ti (adhesion layer, 3-nm thick) were fabricated using e-beam evaporation (Ti and Au) and an advanced DC sputter deposition (ITO) 35 technique at 135°C. A comparison of the sheet resistance and optical transmittance of the ultrathin Au electrode indicated that both decreased as the Au thickness increased (Fig. 2a) . In the case of ultrathin Au layers only, optimization of the optical transmittance and sheet resistance was restricted. For example, the sheet resistance of the Ti (3 nm)/Au (10 nm) electrode with a total thickness of 13 nm was as high as 473 Ω sq −1 , although it had a high optical transmittance of 70.8%. When the Au thickness was increased to lower the sheet resistance, the optical transmittance increased significantly.
To overcome this difficulty, adequate levels of optical transmittance and sheet resistance could be achieved when a sandwiched structure of GIG with 50-200-nm thick ITO was used as a middle layer ( Supplementary Fig. S1a ). In addition to the sheet resistance and optical transmittance, we investigated the stability of the GIG lower electrode on the 3D micropatterned substrate under mechanical deformation. The data in Supplementary Fig. S1b , e, h, and Fig. 2b show the measured resistance changes (ΔR/R 0 , where R 0 is the initial resistance, and ΔR is the resistance increase under stretching) of the GIG structures under static stretching ranging from 0 to 30% elongation. The ΔR/R 0 from static stretching decreased gradually with the increasing thickness of the ITO because the density of randomly generated cracks decreased ( Supplementary Fig.  S1d , g, j, and Fig. 2d ). The GIG (200-nm ITO) electrode showed an increase in ΔR/R 0 by a factor of~45 at 30% strain after three cycles of static stretching (Fig. 2b) . The effect of repetitive mechanical deformation on the GIG electrode stability was also investigated by a cyclic stretching test in which ΔR/R 0 was measured after performing 10, 100, 1,000 and 10,000 stretching cycles with 30% strain (Fig. S1c, f, i, and Fig. 2c ). The results indicated that the ΔR/R 0 value increased by a factor of two after 10,000 stretching cycles (Fig. 2c) . Although some degree of cracking occurred, the GIG structure maintained an effective current path, resulting in a small resistance change, indicating the possibility of using ITO as a TS electrode. As shown in Fig. 2a , a GIG (200-nm ITO) electrode with a sheet resistance of 11.5 Ω sq −1 and an optical transmittance of~65% at 550 nm was used for device fabrication.
To investigate the effect of cyclic stretching on the resistance change of the GIG (200-nm ITO) electrode, the surface morphological change after 10,000 stretching cycles at 30% strain was observed using an optical microscope. The optical image of the GIG electrode after 10,000 stretching cycles shown in Fig. 2d indicates that surface cracks were generated by aggressive cyclic stretching, and these cracks contributed to the observed ΔR/R 0 .
To understand the stress distribution on the ITO surface, finite-element modeling (FEM) simulations for the ITO layers (with thicknesses of 50 and 200 nm) on the 3D micropatterned PDMS were carried out. The results on the thin ITO sample (50 nm) ( Supplementary Fig. S2a ) showed that the stress was focused on the peaks in a rhombus-like shape, leading to highly connected cracking of the ITO. Consequently, the loss of the current path can result in increased resistance, as experimentally observed ( Supplementary Fig. S1d ). The simulation results on the thicker ITO sample (200 nm) ( Supplementary Fig. S2b) , however, showed more random stress distribution on the peaks so that the cracks formed irregularly with higher connectivity, and the current paths were better maintained, which was consistent with the experimental results (Fig. 2d) .
To elucidate the role of ultrathin Au layers in the GIG structure clearly, static and cyclic stretching tests and a surface morphology analysis were conducted in the same way for the 200-nm thick ITO layer only (sheet resistance of 31.7 Ω sq −1 , optical transmittance of 73.9%) on the 3D micropatterned substrate, with no stacking of ultrathin Au layers (Supplementary Fig. S3 ). The GIG multilayer electrode with ultrathin Au layers showed a lower sheet resistance and optical transmittance than the ITO layer alone. The data in Supplementary Fig. S3a indicate that the ΔR/R 0 in the static stretching test increased up to a factor of 100 at 30% strain after three cycles of elongation from 0 to 30% strain. However, the ΔR/R 0 value returned to the initial value. The cyclic test results after 10, 100, 1,000, and 10,000 stretching cycles with 30% strain indicated that the ΔR/R 0 value increased up to a factor of 15 for the ITO layer alone compared with increasing by a factor of two for the GIG structure ( Supplementary Fig.  S3b ). The results of the static and cyclic stretching tests both revealed that the resistance change was significantly lower in the GIG structure laminated with ultrathin Au layers than in the ITO layer alone. The image of the surface morphology after 10,000 stretching cycles showed that more cracks were generated on the ITO surface than on the GIG electrode surface (Supplementary Fig. S3c) . Accordingly, when a mechanical strain is applied, the ultrathin metal layers may accommodate the stress to a certain degree, resulting in a reduction in cracking in the brittle ITO layer, which is expected to be very vulnerable to stress. In addition to the randomly connected ITO, even under cracked conditions, the ultrathin Au layers with a sandwich structure helped to form more effective current paths, which resulted in a low sheet resistance and less change in the electrical resistance due to cracking of the ITO layer.
To tune the compliance and piezoresistivity of the upper electrode, an ionic liquid with 0.3-1 wt% EMIM-TCB was added to the flexible and transparent PEDOT: PSS layer, and their optical, electrical, and mechanical properties were evaluated (Fig. 2e-g and Supplementary  Fig. S4 ). The EMIM-TCB in the PEDOT:PSS/EMIM-TCB composite contributed to the phase separation of PSS, leading to a structural change in the layer. In addition, it has been reported that as the concentration of EMIM-TCB increases, the conductivity and stretchability improve, although the optical transmittance decreases slightly [36] [37] [38] . Therefore, we used spin-coatable PEDOT: PSS/EMIM-TCB composite materials for the stretchable and transparent piezoresistive upper electrode. The optical transmittance of the 300-nm thick PEDOT:PSS/ EMIM-TCB (0.3 wt%) composite electrode formed on the planar PDMS substrate was 84% at a wavelength of 550 nm (Fig. 2e) . The sheet resistance of this layer was 130 Ω sq −1 . The ΔR/R 0 data in Supplementary Fig. S4a and S4c indicate that ΔR/R 0 under the static stretching condition increased by a factor of two at 30% strain after three repetitions of elongation from 0 to 30% strain, even though it returned to the initial value. However, the addition of lower concentrations of EMIM-TCB adversely affected the ΔR/R 0 data after the static stretching tests (Fig. 2f) . On the other hand, the cyclic test results after 10, 100, 1,000, and 10,000 stretching cycles with 30% strain indicated that the ΔR/R 0 value increased by up to a factor of two for samples with 0.5 and 1 wt% EMIM-TCB ( Supplementary Fig. S4b, d ), compared with a factor of 0.17 for PEDOT:PSS with 0.3 wt% EMIM-TCB (Fig. 2g) . These cyclic stretching test results revealed that the resistance change was significantly lower for PEDOT:PSS/ EMIM-TCB (0.3 wt%) than for the samples with a higher concentration of EMIM-TCB (Fig. 2g ). In addition, the solutions with > 1 wt% EMIM-TCB were too viscous to be solution processed and precipitated due to aggregation. As the concentration of EMIM-TCB mixed in PEDOT: PSS gradually increases, the viscosity increases and the tendency to form a gel becomes stronger 38 . In this case, the expansion and contraction characteristics are presumably improved, but the mechanical properties might be weakened when deformation repeatedly occurs. Therefore, the EMIM-TCB concentration was optimized at approximately 0.3 wt% to obtain better uniformity and mechanical stability in the upper electrode layer.
Surface morphological changes of the PEDOT:PSS/ EMIM-TCB (0.3 wt%) composite layer on the planar PDMS after 10,000 stretching cycles at 30% strain were investigated by FE-SEM (Fig. 2h) . The FE-SEM images showed the formation of wrinkles on the surface in the direction of stretching. The wrinkles seem to have occurred during cyclic stretching, which may contribute to an improvement in the mechanical stability of the layer 39, 40 . In Fig. 2i , j, the ΔR/R 0 values of the PEDOT: PSS/EMIM-TCB (0.3 wt%) composite layer on the 3D micropatterned substrate during the static and cyclic stretching tests are shown. The ΔR/R 0 value increased only by a factor of 0.49 at 30% strain and did not show hysteresis in the resistance change. In addition, the ΔR/R 0 value increased by a factor of only 0.1 after 10,000 stretching cycles at 30% strain. It turned out that there was a greater improvement in mechanical stability by laminating the TS composite electrode on a 3D micropatterned substrate than on a planar substrate. Thus, the PEDOT:PSS solution with 0.3 wt% EMIM-TCB was used to obtain high stretchability using a 3D micropatterned substrate while being highly responsive to pressure. The surface morphological change of the composite electrode on the 3D micropatterned substrate observed by FE-SEM after applying 10,000 stretching cycles also indicated the formation of wrinkles on the surface (Fig. 2k) . The higher magnification FE-SEM image of a hill region of the substrate in Fig. 2l shows that fewer wrinkles were generated on the PEDOT:PSS/EMIM-TCB composite layer on the 3D micropatterned substrate in comparison with that on the planar PDMS substrate surface in Fig. 2h . Thus, the GIG and PEDOT:PSS/EMIM-TCB (0.3 wt%) composite electrodes were used as the lower and upper electrodes, respectively, for fabrication of the TS bimodal touch-pressure sensor device.
Evaluation of the TS touch-pressure single sensor and array
As a next step, this study attempted to improve the sensitivity of the proposed sensor for touch and pressure stimuli and evaluate its performance. The sensor responses to touch and pressure were measured by applying an AC pulse voltage of −3~3 V at a frequency of 10 Hz to the upper electrode using a function generator, and the momentary current at the lower electrode was measured using a source measurement unit. It is known that the pressure range for touch is in the range of subtle pressure below 1 kPa 41 . The pressure value during finger touch in our experiment was measured as approximately 0.5 kPa using a force gauge. The experimental data in Supplementary Fig. S5 were obtained to identify and compare the characteristics of the TS bimodal touchpressure sensor on planar and 3D micropatterned substrates. Single devices were fabricated on planar (Supplementary Fig. S5a ) and 3D micropatterned PDMS substrates ( Supplementary Fig. S5b ). The performances of these two sensors were compared. In this experiment, to clarify the mechanism of the sensor, an Au electrode was used as the lower electrode, and a piezoresistive PEDOT: PSS/PU composite was used as the upper electrode. The sensor on the planar PDMS substrate could not distinguish between touch and pressure stimuli. On the other hand, the sensor fabricated on the 3D micropatterned PDMS substrate showed an enhanced response to pressure stimulus, distinguishable from the response to touch stimulus. When the same pressure was applied to each device, the piezoresistive electrode on the peaks on the 3D micropatterned substrate was subject to more deformation than that on the planar surface, resulting in a larger resistance change and voltage drop in the upper electrode. Consequently, the current signal read from the lower electrode decreased, and the pressure could be effectively and distinguishably detected.
To measure and compare the sensitivities for touch and pressure stimuli according to the thickness of the PU dielectric layer, the current and capacitance changes of devices with upper electrodes of PEDOT:PSS/EMIM-TCB (0.3 wt%) and lower electrodes of Au on 3D micropatterned substrates were measured for PU layers with thicknesses of 6.8, 3.8, and 2.7 μm (Fig. 3a-g ). The current (Fig. 3a-c) and capacitance ( Fig. 3e-g ) data of the devices with varying PU layer thicknesses were measured for touch and pressure stimuli. The current responses of the device with a PU thickness of 2.7 μm under pressures of 5, 10, 15, and 20 kPa are shown in Fig. 3h-k . The touch responsivity of the devices with different PU thicknesses and the pressure responsivity of the device with varying pressures are plotted as the current change (ΔI/I 0 ) in Fig. 3d, l, respectively. All the results in Fig. 3 were obtained under touch and finger pressure. Pressure during touch (~0.5 kPa) and pressure from a finger exerting force were monitored by a force gauge. The current response of the device with the 6.8-μm thick PU layer for touch stimulus was as low as −6.3% (Fig. 3a) , and the current response of the devices with lower PU layer thicknesses of 3.8 and 2.7 μm for touch stimulus increased to −14.0 and −23.4%, respectively, as shown in Fig. 3d . In general, the response to touch stimulus was enhanced with thinner PU dielectric layers. At PU thicknesses of 2.2 and 2.5 μm, however, there was no change in the response current, which is attributed to the high leakage of the thinner PU layers, corresponding to the level under normal operation of the sensor without touch. On the other hand, the capacitance changes (ΔC/C 0 ) of the devices with different PU layer thicknesses measured for two stimuli showed no significant difference in the responses to touch and pressure even though the ΔC/C 0 response increased with decreasing PU layer thickness (Fig. 3e-g ). To confirm the change in capacitance caused by finger pressure, pressures of 20 kPa (Supplementary Fig. S6a ), 40 kPa ( Supplementary Fig. S6b ), and 80 kPa ( Supplementary Fig.  S6c ) were applied to the sensor with a PU layer thickness of 2.7 μm fabricated on a 3D micropatterned substrate. The pressure was maintained using a force gauge. At pressures of 20 and 40 kPa, the capacitance change did not occur, while it significantly decreased at a high pressure of 80 kPa. The ΔC/C 0 response did not change significantly in the low-pressure range, presumably because the top portion of the peak area in the pressurized zone, corresponding to only a small fraction of the total area, was deformed and, in turn, the capacitance change was negligible. Therefore, the sensor response to pressure was not induced by a change in the capacitance due to a reduction in the dielectric layer thickness, although at an elevated pressure of 80 kPa, the capacitance can partly contribute to a decrease in the response current.
The pressure sensitivity was quantitatively evaluated by applying varying force using a force machine. Pressures of 5-20 kPa were applied to the device for 1 s, and the evaluation was performed as three measurements of the current for each force value. The current responses to pressures of 5 kPa (Fig. 3h), 10 kPa (Fig. 3i) , 15 kPa (Fig. 3j) , and 20 kPa (Fig. 3k) indicated that the stronger the pressure was, the lower the current. These results are attributed to an increase in the resistance of the piezoresistive PEDOT:PSS/EMIM-TCB (0.3 wt%) composite electrode due to the external pressure stimulus, which resulted in a voltage drop in the upper electrode followed by a decrease in current. To confirm the role of the top electrode in force sensing, a sensor using a piezoresistive PEDOT:PSS/EMIM-TCB composite layer only on the 3D micropatterned substrate was fabricated, and the resistance change at each pressure was measured. The data in Supplementary Fig. S7 indicate that the resistance change was negligible at a touch pressure of 0.5 kPa, while the change gradually increased with increasing pressure. Therefore, it was confirmed that the pressure-sensing capability during application of force can be ascribed to the change in the resistance of the upper electrode rather than the capacitance change. This principle enables the pressure stimulus to be distinguished from the touch stimulus. From the data in Fig. 3l , the pressure sensitivity was approximately 9.2%/kPa. At 20 kPa, the pressure responsivity was saturated at −99.6%. These results indicate that a pressure stimulus could not be detected and distinguished from touch via the capacitance change measurements but could be detected through current modulation due to the resistance change of the piezoresistive upper electrode under force.
The mechanical stability and durability of the sensor with an upper electrode of PEDOT:PSS/EMIM-TCB (0.3 wt%) and a lower GIG (200-nm ITO) electrode were evaluated by measuring and comparing the responsivity under static stretching conditions in the stretching strain range of 0-30% elongation (Fig. 4a) and after cyclic stretching with 30% strain up to 10,000 stretching cycles (Fig. 4b) . The measurement results before stretching are shown in Supplementary Fig. S8a . The detection results were obtained by applying 10, 20, and 30% elongation, and the results are presented in Supplementary Fig. S8b-d . Although the increase in strain was accompanied by a decrease in base current, the touch and pressure stimuli could be effectively sensed. Presumably, the decrease in the base current with stretching was caused by flattening the device structure during elongation, resulting in an increase in the resistance of the upper electrode. When the device was stretched up to 30% elongation and then returned to 20, 10, and 0%, the base current was restored and both stimuli were well detected ( Supplementary  Fig. S8e-g ). Figure 4a displays the sensitivity of the device to two stimuli under static stretching conditions. When the stretching strain applied to the sensor increased from 0 to 30%, the sensitivity for the two stimuli was stably maintained, which indicates the capability of detecting and distinguishing touch and pressure even under stretched conditions. Then, the mechanical stability was evaluated by applying 30% stretching repeatedly and measuring the current responses under touch and pressure stimuli in sequence. The data in Supplementary Fig.  S8h present the results obtained before cyclic stretching. The measurement data obtained after 100, 1,000, and 10,000 stretching cycles are shown in Supplementary Fig.  S8i -k. Even after 10,000 stretching cycles, the base current was maintained to a certain degree, and the two stimuli could be distinguished and detected. The sensitivities of the device to touch and pressure after different stretching cycles (Fig. 4b) indicated that the sensor maintained its responsivity even after 10,000 stretching cycles at 30% strain. The optical images in Fig. 4c show the transparent and stretchable touch-pressure sensor before and after stretching (30%). When considering the similar strain-stress relations of the planar and 3D micropatterned substrates with upper or lower electrodes ( Supplementary Fig. S9a ) and a single device (Supplementary Fig. S9b ) on them up to 30% strain, the 3D micropattern on the PDMS substrate enhances the mechanical stability of the electrodes and the device due to the efficient strain relief of the layers.
We also fabricated a 4 × 4 TS touch-pressure sensor array with a total area of 40 × 60 mm 2 and a single sensor size of 19.6 mm 2 on a 3D micropatterned substrate using the TS electrodes described above (Fig. 4d) . The results of the current responsivity (ΔI/I 0 ) to two stimuli applied on each sensor of the 4 × 4 array are illustrated in Fig. 4e . Most of the sensors in the array showed responsivity values close to −20% and −98% for touch and pressure, respectively. The evaluation results of each sensor in the array are shown in Supplementary  Fig. S10 . The ΔI/I 0 responsivity of the 4 × 4 array was also measured by applying two stimuli to each sensor under 30% stretching to evaluate their mechanical stability (Fig. 4f) . In the stretched state, most of the sensors maintained responsivities comparable to those of the sensor without stretching. The evaluation results for each sensor under 30% elongation are also shown in Supplementary Fig. S11 . All the working sensors detected and distinguished touch and pressure stimuli. The results in Fig. 4 and Supplementary Figs. S8 -S11 indicate the high stretchability, durability, and good responsivity of the TS bimodal sensor to touch and pressure stimuli.
Demonstration of human-machine interaction using a touch-pressure sensor array
We demonstrated that a TS touch-pressure sensor array (4 × 4) can be used for human-machine interfacing. Here, demonstrations of controlled illumination of light emitting diodes (LEDs) and movements of a small toy car were carried out. An analog circuit comprised of a transimpedance amplifier and an operational amplifier was used to acquire and amplify the output signal of the sensor array, respectively. For data processing, custommade code written in Arduino IDE running in Arduino® UNO was used to distinguish between touch and pressure signals from the sensor. Figure 5a shows a schematic diagram for data acquisition from the touch-pressure sensor array. Figure 5b shows a program flow for the first demonstration, which controls the lighting of green and red LEDs by touch and pressure stimuli, respectively, via two ports of the Arduino® UNO. Upon touching the sensor, a green LED blinks; upon pressurizing the sensor, a red LED blinks (Fig. 5c and Movie S1). Real-time data obtained by an oscilloscope applying stimuli are also plotted in Fig. 5d for a better understanding of the signal processing for touch and pressure stimuli. For the second demonstration, the array was mounted on a forearm and used to control a small toy car wirelessly using an HC-05 Bluetooth® module. We used three devices from a 4 × 4 sensor array to drive and control a homemade toy car wirelessly in three directions (forward, left, and right) at low and high speeds (Fig. 5e ). For each of the three selected sensors, touching the sensor caused the car to move slowly in the specified direction, while applying pressure to the same sensor increased the vehicle speed in the same direction (Movie S2). For this second demonstration, the program flow of the "master side," which is the signal acquisition side, and the "slave side," which is the command execution side (toy car), is briefly explained in Fig. 5f .
Discussion
This study investigated a TS sensor capable of detecting and distinguishing touch and pressure stimuli. The multimodality of touch and pressure stimuli in a single sensing device can be an efficient alternative to conventional approaches in which two sensors with a single modality are integrated. Realizing force (pressure)-touch bimodality with the functionalities of stretchability and optical transparency in wearable input devices will require new approaches in material and device design, which have been impeded by challenges in developing materials with appropriate multifunctional properties and device structures for detecting distinguishable signals from a single device. Here, we propose a new approach using highly piezoresistive materials as an upper electrode in a capacitive-type structure so that applying pressure to the sensor modulates the resistivity and, in turn, the current induced between two electrodes in the capacitor. Thus, a touch stimulus is detected by measuring the current caused by the change in the capacitance, while a pressure stimulus is detected through the decrease in current caused by the voltage drop generated by the resistance increase in the upper electrode. This new design in materials, device structure, and signal reading methods allowed the detection and identification of both types of stimuli. The optical transparency and stretchability of the piezoresistive electrode for purposes of force detection were achieved by combining a compliant nanocomposite made of a conducting polymer, PEDOT:PSS/EMIM-TCB, with 3D geometric engineering on a 3D micropatterned PDMS substrate. The formation of a compliant, conducting polymer composite on a 3D micropatterned PDMS substrate also made it possible to obtain high responsivity to pressure due to the larger deformation on peaks under vertical pressure. One more challenge was to fabricate a TS electrode with high mechanical stretchability, optical transparency, and electrical conductance. Although conventional ITO materials have been tested for use as stretchable electrodes, cyclic stretching causes severe cracking of ITO thin films, and their mechanical and electrical stabilities are very poor [42] [43] [44] . The GIG electrode based on transparent, conductive but brittle ITO thin films sandwiched between ultrathin metal layers formed on a stress-relieving 3D micropatterned elastomeric substrate by conventional thin-film processing shows potential for developing TS electrodes for many applications, although further improvements in optical transparency are necessary. It was confirmed that the use of a 3D micropatterned substrate not only improved the responsivity to pressure but also increased the mechanical stability of the device under stretching.
The development of a transparent and stretchable touch-pressure sensor via new methods in electrode materials, substrate, and device structuring could be applied to the fabrication of a sensor array. This sensor array could be mounted on the skin, and the possibility of multiple input functions was successfully demonstrated. Since the proposed bimodal sensor could receive inputs of various information types in a limited space, both the high functionality and multifunctionality of the sensor will be advantageous for a miniaturized form factor. In addition, the sensor can be applied to a wearable input system for which the input of 3D information is possible, whereas existing touch sensors recognize only twodimensional (2D) information 13, 45 . Despite the results showed in our work, however, the electrical and mechanical stability of the two electrodes need to be improved further through optimization of material design and geometric engineering to minimize the strain caused by external stresses associated with the bodily motions of wearers.
In conclusion, we developed a new kind of transparent and stretchable mutual capacitive-type touch-pressure sensor based on a transparent and stretchable PEDOT: PSS/EMIM-TCB composite piezoresistive upper electrode and GIG multilayer lower electrode. The transparent and stretchable piezoresistive electrode enables the sensor to detect and distinguish touch and pressure.
Combining the highly effective stress absorption ability of the 3D micropatterned substrate with the enhanced deformation of the piezoresistive electrode near peaks under vertical pressure provides high responsivity to touch and pressure stimuli and mechanical stability. This study demonstrates that the proposed sensor could be easily integrated into an ergonomic wearable device as an input unit, and its transparency and stretchability would enable it to be used as a patch-type sensor mounted on the human body. Moreover, when the sensor is integrated with other components, such as signal processing and data transmitting units, higher levels of interactivity could be demonstrated, which implies that the TS sensor has great potential as a key element of future human-machine interfaces. Furthermore, the touchpressure bimodality of the sensor can be integrated into a stretchable touch panel for stretchable display technology. In this respect, the proposed sensor has great potential for future wearable electronics.
